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As a typical Correlated Electron Material, vanadium dioxide was discovered to demonstrate metal-
insulator transition at a relatively low temperature. The transition occurs from an insulating monoclinic
phase to a metallic tetragonal phase (rutile structure) upon heating with the rearrangement of vanadium
ions along an axis of the monoclinic lattice. The phase change corresponds to a colossal resistivity drop by
over four orders of magnitude as well as other dramatic property changes, which can be reversible via a
natural cooling process. Therefore, vanadium dioxide has attracted extensive attention for its applications
in highly sensitive smart devices that can abruptly respond to diverse external stimuli. In recent years, rapid
advancement in the fabrication and property modulation of vanadium dioxide has greatly facilitated its
applications in many aspects, such as thermal sensing, thermochromics, electronics, and multiple-response
mechanics. The optical properties of thin vanadium dioxide films VO were researched using the modulation
polarimetry technique. For VOq thin film deposition the two-step method was used. VO: films were grown
on quartz glass substrates by magnetron sputtering of the VO3 target. The films had different modifications
of composition, structure, morphology, and optical properties due to the manufacturing technology. The
angular dependence of the reflection coefficients of electromagnetic radiation of s- and p- polarizations and
their difference for different wavelengths was measured in the paper. The polarization characteristics were
simulated by a matrix transformation of the Fresnel formulas. The values of the refractive and absorption
indices of the films were obtained from the condition of the best agreement between the experiment and
mathematical simulation. Atomic force microscope and X-ray diffraction analysis were used as standard
analytical methods.
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1. INTRODUCTION

As is known, vanadium dioxide (VOg) films are a
perspective material for new electronic and photonic
devices, such as thermochromic smart glasses [1-3],
uncooled low-noise microbolometers [4-6], etc. These
devices are commercially attractive for medical imaging
[7-9], military use as night vision [10], and other
technical applications [11].

Vanadium dioxide occupies a special place among
metal oxides since vanadium is an element with an
incomplete d-shell. Vanadium dioxide is characterized
by the presence of strong correlation effects. VO2 has
unique properties due to the presence of electronic
correlations, which are determined by the variety of
types of chemical bonds between the oxygen and
vanadium atoms in a given compound, including bonds
due to d-electrons.

Crystalline vanadium dioxide is a material with a
reversible fast first-order phase transition at a relatively
low temperature (7' = 68 °C). The transition from the
monoclinic to the tetragonal phase is observed in single
crystals at this temperature. The infrared (IR)
sensitivity of VOz films is associated with huge changes
in the electrical resistance and optical absorption
spectra caused by the semiconductor-to-metal phase
transition [12-15]. The refractive index varies from 2.5
in the monoclinic phase to 2.0 in the tetragonal phase.
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The jump of electrical conductivity during the phase
transition for single crystals is ~ 105, while the material
exhibits metallic conductivity with a carrier
concentration of ~ 1022 ¢cm ~ 3. Thus, VOz has unique
properties with a variety of types of chemical bonds
between oxygen and vanadium atoms.

This work aims to research the optical properties of
VO2 thin films using the modulation polarimetry
technique (MP technique). The films were synthesized
by the method of two-stage growth (magnetron
sputtering followed by thermal annealing) [16].
Modifying the composition, structure, morphology, and
optical properties of VOz2 films was achieved by changing
the temperature of the substrate on which they were
deposited. The angular dependences of the internal
reflection of linearly
polarized light Rs2 and Rp2, and the polarization
difference p were measured for various wavelengths.
The simulation of the indicated polarization
characteristics was performed by the method of matrix
transformation of the Fresnel formulas [17] for a three-
layer model: glass — film — air. The refractive indices n
and absorption indices % of the films were obtained from
the condition of the best agreement between the
experimental results and the mathematical simulation
achieved by the multiparameter fitting method. We also
used a combination of standard analytical methods to
characterize the films: atomic force microscope and X-
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ray diffraction analysis.

To derive the practical applications of VOs, robust
control of its MIT is rather critical. It is well known that
novel properties give rise to interesting applications.
The adjustable MIT not only demonstrates the colossal
change of electrical conductivity but it also has
remarkable effects on the other properties of VOa.

2. EXPERIMENT AND SAMPLE PREPARATION
2.1 Physical Principle of the Method

Angular polarization characteristics of VOgz thin
films were measured in Kretschmann geometry using
the MP technique. The scheme of setup was described in
detail in [16]. The MP technique is based on the
modulation of the polarization state of electromagnetic
radiation, when the orthogonal components of linearly
polarized waves (perpendicular (s) and parallel (p))
polarizations are alternately transformed at a constant
intensity, frequency, phase, and wave vector. The
registered signal is the polarization difference
o(0) = Rs?2 — Rp%, which is a magnitude of difference
between the intensities of the internal reflection
coefficients of s- and p-polarized light (Rs? and R2,
respectively). The parameter p is a € component of the
Stokes vector [18]. The refractive index of the quartz
half-cylinder n = 1.45 determines the value of the critical
angle of total internal reflection as 0. = 43.6°.

2.2 Sample Preparation

For VOx thin film deposition the two-step method
developed earlier was used [19-22]. VO: films were
grown on quartz glass substrates by magnetron
sputtering of the VOq target. The residual gas pressure
was ~ 2-10 — ¢ Torr. During the sputtering process, the
Ar/O2 mixture pressure was kept at 3:10 —3 Torr. The
power on the magnetron was ~ 10...12 W and the
substrate temperature was 210 + 5 °C. Obtained layers’
thickness was 180 + 10 nm. After deposition, the
samples were annealed at 400 °C for 15 min in Ar
ambient was performed. Such technological parameters
of growing allow obtaining films with reduced to ~ 50 °C
phase transition temperature.

For film structure modification the Ar?" ion
implantation was used. The energy was 180 keV and
doses 0.2...5 x 1014 cm ~2, The choice of energy was made
so that Ar ions create a uniform distribution of defects
throughout the whole film thickness. In this paper, we
present the results for samples implanted with dose
1.5 x 101 ¢cm —2 where the best results were obtained. At
higher doses, there is a significant deterioration in the
crystallinity of the film and the metal-insulator-
transition parameters.

3. METHODS

The crystal structure of the films was investigated
using an X'Pert Pro MPD X-ray diffractometer. The
surface nanorelief of annealed vanadium dioxide films
was studied using atomic force microscopy (AFM) with a
scanning probe microscope NanoScope IIla Dimension
3000TM. Measurements were performed in the tapping
mode by using the ultrasharp silicon probes with a
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nominal tip radius of 8 nm.

4. RESULTS AND DISCUSSION

The experimental dependences of the intensities of
the internal reflection coefficients of s- and p-polarized
light Rs2, Rpy? and the polarization difference p on the
angle of incidence of light are shown in Fig. 1 a, b.
Experimental curves are shown as empty dots.
Wavelengths of 632 nm (Fig. 1 a) and 750 nm (Fig. 1 b)
were used for the experiment. As can be seen in the
figure, the curves have a complex shape and change sign
to the opposite.

Mathematically, the experimental curves can be
described by the formula an equation obtained by the
matrix transformation method of the Fresnel Formula
for a three-layer glass-film-air model. In this model, the
cluster film is considered to be flat and homogeneous
with effective optical parameters [16]. The use of
effective optical parameters is justified for two reasons.
Firstly, the film has a slight roughness relative to the
thickness according to the AFM view (Fig. 2); secondly,
the film has a much smaller cluster size compared to the
wavelengths used. Thus, the values of the refractive
index and absorption of a thin VOz film can be obtained
for different wavelengths from the condition that the
results of mathematical simulation and experiment
coincide. The coincidence was supposed to be achieved
by the method of multiparameter fitting, which should
not cause difficulties for a known film thickness.
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Fig. 1 - Experiment and mathematical simulation of angular
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dependencies of the internal reflection coefficients Rs2, Rp2, and
polarization difference p at 1 =632 nm (a) and 1= 750 nm (b)

The following optical and geometric parameters were
used for mathematical simulation in Fig. 1a: refractive
index of glass nglass = 1.45 and air nair = 1.0003; film
thickness d = 170 nm. As a result of calculations, the
value of the complex refractive index Nsim = 1.5 + 0.6 for
a wavelength of 630 nm was obtained. Accordingly, the
refractive index of the film is nfm = 1.5, and the
absorption index is kfim = 0.6.

The practice has shown that achieving an acceptable
match for all three characteristics is problematic. Fig. 1a
shows that the optical parameters Rs, Rp, and p at a
wavelength of 630 nm have different correspondences.
The simulation polarization difference p agrees best
with the experimental one, while the other two
dependences have a fairly large discrepancy. This
discrepancy can be explained by the nonspherical shape
of the clusters or their inhomogeneous distribution in
the bulk of the film. The AFM study confirms this. AFM
image show (Fig. 2) that the film annealing leads to the
formation of the surface microcrystalline structure.

Inserting various optical parameters into the model
for each of the polarized waves allows us to take this
circumstance into account, as shown in Fig. 1b for a
wavelength of 750 nm. For the mathematical simulation
in Fig. 1b, the same optical and geometric parameters of
the model for glass, air, and film thickness were used.
The insertion of additional fitting parameters does not
complicate the calculations, since the values of the
refractive and absorption indices vary within a few
hundredths. As a result of calculations, the values of the
complex refractive index for s- and p-polarized waves
were obtained: Np film = 1.45 +i0.29, Nsfim = 1.41 +i0.32.
Accordingly, the refractive and absorption indices of the
film are np fim = 1.45; kp fim = 0.29; ns fim = 1.41
ks fim = 0.32. For unpolarized light, optical parameters
can also be obtained. To do this, it is necessary to
calculate the average value of these parameters.
Accordingly, for a wavelength of 750 nm, the refractive
index nfim = 1.43, kfim = 0.305.

The slight discrepancy between theory and
experiment is explained by the film roughness, which
has little effect on measurements and is not considered
by mathematical simulation. The obtained values of the
optical constants differ from the literature [24], their
discrepancy is explained by the inhomogeneity of the
film composition. Indeed, the X-ray diffraction study
(Fig. 3) showed the presence of various crystalline
phases in the film. The dominant crystalline phase is
V409 and VOq. A slight presence of film porosity cannot
be ruled out.

Recent advances in the application of the optical
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properties of vanadium dioxide can be illustrated by the
example of thermochromics [25]. Since VOz is a typical
thermochromic material due to its sensitivity, there is a
phase transition when the temperature changes. It
demonstrates  excellent  regulation  ability  of
transmittance in the IR region across MIT, while the
visible transmittance remains almost unchanged. Based
on this, it is a novel idea to apply VOz-based thin film as
a “smart window,” which can automatically adjust the
sunlight transmittance into a room (especially for the
thermal effect of IR light) upon the change of ambient
temperature. This device is expected to reduce huge
energy consumption for indoor -cooling/heating in
buildings.

Fig. 2 — AFM top-view of the sample surface
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Fig. 3 — X-ray diffraction patterns of the sample
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OnTuvHi BIACTUBOCTI IIIBOK OKCHUAY BAHAMIIO

1.€. Marsim, L.A. Minaiutosa, O.J. I'ynumenxo, T.M. Cabos, O.B. y6ikosceruit, O.B. Kocyis,

0.A. Kynpoaunnacerwnii, II.M. Jlursun

Tnemumym gisurku Hanienposionukie im. B.€. Jlawkapvosa, Hauionanvha akademis Hayk YKpainu,

npocn. Hayku 41, 03028 Kuis, Yikpaina

Ar TUIOBUIT KOpPEJIbOBAHUY €JIeKTPOHHMI MaTepias, miokcwa BaHagiio VO JeMoHCTpye mepexis MeTasi-IieleKTPUK
Ipu BIOHOCHO HU3BKIN Temmepartypi. [Ipn HarpiBanHl BinOyBaeTbes mepexia BLA JieJeKTpUIHOI MOHOKJIIHHOL a3y oo
MeTaJIeBOl TeTParoHaJIbHOI (asu (CTPYKTypa PYTHJIY) 3 IeperpyllyBaHHSIM 10OHIB BaHAII0 B3I0BX OCI MOHOKJIIHHOI
rpaTku. 3MiHa a3y BIAMOBIIaE KOJIOCATILHOMY ITAaMiHHIO IIMTOMOTO OIIOPY OLJIBII HifK HA YOTUPHU HOPATKH, 4 TAKOK 1HIIIIM
3MIiHAM BJIACTHUBOCTEH, SIKl MOKYTH OyTH ODOPOTHMMHM dYepe3 IIPHUPOIHUI IMpoIec OXoiomkeHHs. Takum umaoM, VO:
IPUBEPHYB BEJIMKY yBary IIPH MOr0 3aCTOCYBAHHI Y BUCOKOYYTIMBUX PO3YMHUX IIPUCTPOSIX, IKI MOMKYTh PI3KO pearyBaTu
HA PI3HOMAHITHI 30BHIIIHI BIINBU. B 0CTAHHI POKH IIBUIKUI IIPOrpec y BUPOOHUIITBI Ta MOAYJ ALl BiaacTuBocTeir VOs
3HAYHO IIOJIETIIUB MHOr0 3aCTOCYBAHHS B 0araTboX acleKTax, TAKUX SK TepMiyHe 30H/YBAaHHS, TEPMOXPOMIKA,
€JIEKTPOHIKA Ta MeXaHIKa 3 MHOKUHHUM BiITYKOM.

Metomom MOAYJIAITIAHOI TOJISTPUMETPIl JOCTIMKEHO ONTHYHI BJIACTMBOCTI TOHKHX IUIIBOK JiOKcHmy BaHamio. Jlis
ocapreHHss TOHKOI 1riBku VO:2 BUKOpHCTOBYBaBCs ABoeramHuit meror. [lmikm VO: BupollyBasn HaA MIIKIAIKAX 3
KBapIIOBOTO CKJIA IIJISIXOM MArHEeTPOHHOro po3nuieHHs mimtedi VOz 3 momanbumm tepmivyaum Bifgnasom. [lmieku mamm
pisHi Moaudirarii CKIagy, CTPYRTYypH, MOP(OJIOrii Ta ONTHYHUX BIACTUBOCTEH, 3yMOBJIEH] TEXHOJIOTIE€I0 BUTOTOBICHHS.
Y poboti 6ys10 BUMIPSHO KYTOBI 3aJIEKHOCTI KOe(IITIEHTIB BIJIOMBAHHS €JIEKTPOMATHITHOTO BHUIIPOMIHIOBAHHS S- 1 p-
HOJIAPU3AIA 1 IX PISHUIO [JIsS PISHUX IOBIKHUH XBWJIb. lloJIApM3allifiHi XapaKTepHUCTUKKM OyJIM 3MOIe/IbOBAHI 3a
JIOTIOMOTO0 MaTPUYHOTO IeperBopeHHs dopmyst OpenHesns. 3HAYEHHS NOKA3HUKIB 3AJIOMJIEHHS TA MIOTJIMHAHHS IUJTIBOK
OyJivi OTPMMAHI 3 YMOBHU HAMKPAIIIOTO Y3TOFKEHHS MIYK eKCIIEPUMEHTOM 1 MaTeMaTHYHUM MOJIeJTIOBAaHHAM. K craHmapTHL
QHAJIITUYHI METOM BUKOPUCTOBYBAJIN ATOMHO-CHJIOBHI MIKPOCKOII 1 pEHTIeHIBCHKUM JUMPAKIIHHII aHATI3.

Kmiouori ciora: Meroq momyssimitiaol mossipumerpii, Ilosstpmsartisi, Tomki mmBkm VOz, Onruunl BIacTwBOCTI,
KoeditienT BibnBanHs.
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